Mild age-related declines in visual function occur in humans and monkeys, independent of ocular pathology, suggesting involvement of central visual pathways (Spear, 1993) . While many factors might account for this decline, a loss of neurons in primary visual cortex (V1) could be a contributing factor. Previous studies of neuron numbers in V1 reported stability across age, but were limited in the ages and genders studied and sampled only limited parts of V1 or limited cell types, allowing for the possibility of a subtle loss of neurons. We pursued this question in 26 behaviorally tested adult male and female rhesus monkeys ranging from 7.4 to 31.0 years of age using design-based stereology to estimate numbers of NeuN-labeled neurons and thionin-stained glia within three laminar zones, supragranular (layers II-IVB), granular (IVC), and infragranular (V-VI), across the entirety of V1. There were no significant differences between males and females on any measures, except for total brain weight (p=0.0038). There was an average of 416,000,000 neurons in V1, but no effect of age on this total or numbers within any laminar zone. Similarly, there was an average of 184,000,000 glia in V1 (44% the number of neurons), but no effect of age on this total. However, there was a significant age-related increase in numbers of glia in the infragranular zone, perhaps reflecting a glial response to pathology in myelinated projection fibers. This study provides further evidence that in normal aging neurons are not lost and hence cannot account for age-related dysfunction.
INTRODUCTION
In normal, non-pathological aging, even in the absence of ocular pathology, humans and monkeys exhibit deficits in visual function (Spear, 1993) . Since these changes cannot be explained by ocular deficits, they have been hypothesized to be due to functional and/or degenerative changes in central visual areas such as the visual cortices (Spear, 1993; Schmolesky et al., 2000) . It has been shown that relative to young monkeys, V1 neurons of old monkeys lose orientation and direction selectivity while exhibiting an increased excitability (Schmolesky et al., 2000) . It has also been reported that these deficits are ameliorated by treatment with a GABAergic agonist (Leventhal et al., 2003) . These functional changes could result from subtle anatomical or physiological changes in the cortex including age-related degeneration of cortical neurons.
Several published studies have reported the absence of neuronal loss in primary visual cortex, but this conclusion is limited in a number of ways. For example, these studies sampled a limited number of subjects (e.g. from 5 to 14 subjects total -O' Kusky and Colonnier, 1982; Vincent et al., 1989; Peters and Sethares, 1993; Suner and Rakic, 1996; Peters et al., 1997; Hof et al., 2000) , did not fully examine gender differences in their measures (only females -O' Kusky and Colonnier, 1982; only males -Suner and Rakic, 1996) , did not sample the entire adult lifespan (only young -O' Kusky and Colonnier, 1982; Suner and Rakic, 1996 ; only young and old but not middle aged - Vincent et al., 1989; Peters et al., 1997; Hof et al., 2000) and only sampled very limited parts of the primary visual cortex and/or limited cell types (e.g. a 250 micron strip of the lateral operculum - Vincent et al., 1989; Peters et al.,1997; Layer IVB and Meynert cells -Hof et al., 2000; Meynert cellsPeters and Sethares, 1993) .
Nevertheless, a variety of studies in other parts of monkey cortex including area 4 (Tigges et al., 1990) , area 46 (Peters et al., 1994) , hippocampus (Keuker et al., 2003) , and entorhinal cortex (Merrill et al., 2000) also failed to identify age-related loss of neurons, findings that lend plausibility to the more restricted studies of V1. However, a recent stereological study by Smith et al. (2004) reported a significant loss of neurons (32%) in area 8A of prefrontal cortex despite preservation of neurons in adjacent area 46, suggesting that loss of neurons may indeed occur but be quite limited in location. This leaves open the possibility that there could be a significant but modest loss of neurons in the primary visual cortex underlying visual dysfunction that has gone undetected because of these limitations.
In order to address this question thoroughly, we undertook a stereological study of total numbers of neurons and glia covering the entire primary visual cortex of 26 monkeys of both sexes ranging in age from young adult (7.4 yrs old) to extreme old age (31.0 yrs old). Misclassification of neurons and glia is a particular problem in the primary visual cortex because of the high packing density of small neurons that are easily confused with glia. Therefore, we utilized NeuN immunohistochemistry to positively identify neurons along with a Nissl counterstain to reveal the NeuN-negative glia, allowing for unambiguous identification of both neurons and glia.
MATERIALS AND METHODS

Subjects
This study utilized tissue from twenty-six rhesus monkeys (Macaca mulatta), 11 male and 15 female, between the ages of 7.4 and 31.0 years of age. The subject data is summarized in Table 1 . Monkeys were obtained from national primate research centers and all had known birth dates and complete medical records. Upon entering the study, monkeys were housed at the Laboratory Animal Science Center at Boston University Medical Center, which is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC). All animal procedures were performed according to the National Institutes of Health guidelines and the Institute of Laboratory Animal Resources Commission on Life Sciences' Guide for the care and use of laboratory animals (1996) . The Boston University Institutional Animal Care and Use Committee approved all animal procedures. Upon entering the study, all monkeys underwent a battery of behavioral tests to assess behavioral function Moss et al., 1997; Moore et al., 2005) . Once completed and prior to perfusion, all monkeys received MRI scans to ensure that there was no occult brain damage.
Tissue Preparation
Monkeys were tranquilized with ketamine (10 mg/kg, intramuscular), deeply anesthetized with sodium pentobarbital (15 mg/kg, intravenous to effect) and then euthanized by exsanguination during transcardial perfusion of the brain. Perfusion consisted of either Krebs-Henseleit buffer at 4°C, followed by 4% paraformaldehyde in phosphate buffer (0.1M, pH 7.4) at 37°C or the paraformaldehyde solution alone (Table 1) . Brains were blocked, in situ, in the coronal plane, rostral to the lunate sulcus and the inferior occipital sulcus to yield an occipital lobe block containing the entire primary visual cortex (area 17). All tissue blocks were cryoprotected in graded glycerol solutions and flash frozen in 2-methylbutane at −75°C (Rosene et al., 1986) , and then stored at −80°C until cut into serial sections.
Tissue Processing for Immunohistochemistry
Frozen sections were cut with a sliding microtome in the coronal plane. Blocks were from the right hemisphere in all but two subjects. All blocks were sectioned at 30μm into ten interrupted series. Sections were collected in vials containing 15% glycerol in phosphate buffer (0.1M, pH 7.4) and stored at −80°C until tissue from all subjects could be processed together as a single batch.
For NeuN immunohistochemistry, vials from all subjects containing one eighth of a series of an occipital block that included 6 to 8 equally spaced sections from each of the 26 subjects were removed from the freezer, warmed to room temperature, and processed together at the same time in the same batch of reagents to minimize the possibility of procedural variance. All steps were performed with agitation and at room temperature unless otherwise indicated. Free-floating sections were washed in tris-buffered saline (TBS, 0.05M, pH 6.8) to remove the cryoprotectant. Then sections were incubated in 1% hydrogen peroxide for 30 minutes to quench endogenous peroxidases. Sections were rinsed in TBS and then blocked for one hour in a solution of 10% normal goat serum and 0.4% Triton-X100 in TBS. Sections were then incubated for 48 hours at 4°C in a stock solution (1% normal goat serum, 0.2% Triton-X100 in TBS) containing the mouse monoclonal anti-NeuN antibody (1:1,000, MAB377, Chemicon). After primary antibody incubation, sections were washed 3 times in stock solution and treated with biotinylated goat anti-mouse secondary antibody diluted in stock solution (1:200, BA-2000, Vector Laboratories) for 2 hours. Sections were rinsed in stock solution 3 times and then incubated with an avidin-biotinylated horseradish peroxidase enzyme complex (1:200, Vectastain Standard ABC kit, PK-4000, Vector Laboratories) in stock solution for 1 hour. After washing in TBS, sections were developed for 5 minutes in a solution of TBS with 3,3-diaminobenzidine tetrahydrochloride (DAB, 0.05%, Sigma) and hydrogen peroxide (0.005%). The immunostained sections were mounted on gelatin-coated slides and allowed to air dry. Sections were then defatted in chloroform: ethanol (1:1), rehydrated, counterstained for Nissl substance with thionin (0.05% thionin at pH 4.8), dehydrated in a graded series of ethanols, cleared in xylenes and coverslipped with Permount (Fisher Scientific).
Antibody Characterization
The specifications of the antibody used in this study are summarized in Table 2 . The NeuN antibody is generated against purified mouse brain cell nuclei (Mullen et al., 1992) and recognizes both the 46-kDa and 48-kDa isoforms of the NeuN (Neuronal nuclei) protein (Lind et al., 2005) . It has been shown to be a sensitive and specific marker for neurons (Wolf et al., 1996) . DAB reaction product on NeuN-immunostained sections was observed in the nucleus, as well as perinuclear cytoplasm of neurons. When sections were counterstained, no Nissl-stained neurons were found that were unreacted with the NeuN antibody. Also, the antibody selectively labeled neurons, leaving glial and endothelial cells unlabeled from the immunostaining. Negative controls lacking primary antibody were run in parallel with experimental sections and no staining was observed.
Regions of Interest
The entire primary visual cortex, or area 17, (Figure 1 ) was sampled using design-based stereological methods. In the rhesus monkey, the primary visual cortex is the largest cortical area and covers approximately 17% of the total brain surface area (Van Essen et al., 1981) . It extends across most of the lateral surface of the occipital lobe where it is separated from the parietal and temporal lobe by the lunate sulcus. Medially, the primary visual cortex is found along the banks and within the depths of the calcarine sulcus, which begins caudal to the splenium of the corpus callosum and runs along the occipital lobe. This large neocortical region is readily delineated from adjacent cortical regions, even at low magnification, because of its distinct cytoarchitecture and the myelinated band of axons that comprise the stria of Gennari. Though there has been some controversy in the literature concerning the layering scheme of area 17 (reviewed by Billings-Gagliardi et al., 1974 ), Brodmann's scheme was used in this study. It divides striate cortex into six layers, with three zones of layer IV (A, B, and C) and two zones of layer VI (A and B).
To obtain stereological estimates of total number in area 17, the rostral boundary was identified as the first section rostral to the ventral tip of the lunate sulcus so that the entire foveal representation in the operculum of the occipital lobe could be sampled (Figure 1) . The caudal boundary was the last section of the occipital pole in which all laminae were distinguishable from the pial surface to the white matter. This was necessary as sections through the occipital pole are tangential to the cortex and do not contain all layers or underlying white matter. In order to obtain localized estimates of total numbers of cells, the cortex was further subdivided into 3 laminar zones: supragranular, granular, and infragranular. The supragranular zone included layers II, III, IVA, and IVB; granular included layer IVC; and infragranular included layers V and VI (Figure 2 ). Layer I was outlined only to obtain volume estimates.
Design-based Stereology
The optical fractionator was used to estimate the total number of neurons and glia in each laminar zone. This method allows for an accurate estimation of the total number of objects within a 3-dimensional space (West et al., 1991) . It is unbiased to the shape of the object and does not depend on tissue volume. In its most basic form, the method analyzes a known fraction of sections throughout the region of interest, a known fraction of the area of each section, as well as a known fraction of the thickness of each section, to obtain an estimate of total number of objects (West et al., 1991) . All sections were blind coded to eliminate any bias by the experimenter. StereoInvestigator software (version 8.21.7, MBF Bioscience, Williston, VT) was used to outline regions of interest using a 2x Nikon Plan objective on a Nikon Eclipse E600 microscope and stereological counts were made using a 100x Nikon Plan Fluor oil objective.
Estimation of Volume
The Cavalieri estimator was used to estimate the volumes of the laminar zones as well as the volume of Layer I (Gundersen and Jensen, 1987) . A 750μm × 750μm sampling grid was superimposed on sections viewed at low magnification using a 2x objective and the number of intersection points that fell within each of the three laminar zones, as well as layer I, were counted using the StereoInvestigator software. One in every 80 sections, each 30μm thick, was analyzed, yielding a distance of 2.4mm between sections. There were 6 to 8 sections per subject. The volume estimates for layer I and the three laminar zones were combined to yield an estimate of the total volume for area 17.
Estimation of Total Number of Neurons and Glia
The total number of neurons and glia in each laminar zone was obtained using the formula by West et al. (1991) for the optical fractionator. Table 2 shows the stereological parameters used for each of the laminar zones. Counting sites were spaced every 120μm in both the x and y planes. At each grid intersection, a 20μm × 20μm counting frame was placed and counts were made within a 5μm deep disector. An example of one counting frame including the two lateral exclusion planes is shown in Figure 3 . Thickness measurements were made at every counting site and ranged from 7 to 9 microns. A guard zone of one micron above the disector box was used leaving a variable guard volume below the 5μm deep disector box of 1 to 3 microns. The bottom z-axis plane was used as the third exclusion plane. As shown in Figure 3 , at high magnification, the appropriate immunostaining pattern was verified and cells that were very closely packed were readily distinguished. The criterion for counting neurons was the appearance of the brown DAB immuno-product in the nucleus and the presence of perinuclear cytoplasm (with or without reaction product). Glial cells were unlabeled by DAB, were easily visualized by their thionin-stained nucleus. Thionin-stained endothelial cells and pericytes were easily identified and excluded for all counts.
Data Analysis
Student's t-tests were first performed to determine if there was a difference in any measure due to perfusion method or between males and females. Pearson's correlations with age as a continuous variable were used to determine if there were significant linear relationships between age and estimates of volume, numbers of neurons and number glia both for area 17 as a whole and in each laminar zone.
Photomicrographs
Photographs of medial and lateral views of a whole brain hemisphere ( Figure 1 , A and B) were taken with a digital camera (Fujifilm FinePix S602 Zoom) and adjusted to a common brightness using Adobe Photoshop CS5 Extended (version 12.0 x64). Photomicrographs of occipital lobe sections ( Figure 1 , C and D) were captured with a digital camera (Qimaging Retiga OEM Fast Color 12-bit) mounted on a Nikon Eclipse E600 microscope and montaged using the Surveyor software (Objective Imaging, version 6.0.1.3). Photomicrographs of stained sections in area 17 in Figure 2 and Figure 3 were taken with a digital camera (MBF-CX9000) mounted on a Nikon Eclipse E600 microscope using the StereoInvestigator software (version 8.21.7, MBF Bioscience, Williston, VT).
RESULTS
Perfusion Method and Gender
There was no significant difference between subjects perfused with Krebs-4%PFA, or those with 4%PFA alone on any measure. Likewise, there were no significant differences between males and females on any measure with the exception of total brain weight (p=0.0038) with the average male brain weight of 85.1g and female brain weight of 77.4g. Although brain weight and total area 17 volume were correlated, there was no significant difference between the sexes in total area 17 volume.
Volume Measures
Volume estimates for each region of interest were obtained using the Cavalieri Method (Table 4) . As shown in Figure 4 , there was no significant correlation between age and volume of area 17. Likewise, when the volumes of individual laminar zones were examined separately, there was no significant change with age. Furthermore, there was no change with age in the volume of layer 1 (p=0.827). Of note, while the average volume of area 17 was 1,478 mm 3 , it ranged from a low of 1,034 mm 3 to a high of 1,743 mm 3 , a variation of ± 18 to 24% from the mean. Looking at the total range, there is a 1.7 fold difference across subjects. Similar variation was present in the individual laminar zones with variation in the supragranular, granular and infragranular zones of 1.8, 1.6, and 1.8 fold, respectively. In layer I there was a 2.4 fold difference across subjects. The individual laminar zone volumes each correlated significantly with the total volume of area 17 (p<0.0001, two-tailed).
Total Numbers of Neurons
Estimates of total numbers of neurons made using the optical fractionator are presented in Table 5 . The mean coefficient of error (CE) value was less than 0.05 for all regions assessed. As shown in Figure 5 the total number of neurons for area 17 was unchanged with age. Additionally there was no age-related change in any laminar zone. Like volume, this measure also displayed a large amount of variation among subjects. Estimates of total numbers of neurons for area 17 ranged from 268,440,790 to 480,695,150 with a mean of 415,794,415. There was a 1.8 fold difference across all subjects in area 17. When the individual laminar zones were analyzed, there was a 1.8, 1.8, and 1.9 fold difference in the supragranular, granular and infragranular zones, respectively.
Total Numbers of Glia
Estimates of total numbers of glia are shown in Table 6 . The mean CE values were less than 0.073 for all regions assessed. As shown in Figure 6 , the total number of glia is unchanged with age for area 17 as a whole. However, when analyzing individual laminar zones, while there was no change in the supragranular or granular zones separately, there was a modest (21.9%), but significant increase in the total number of glia cells in the infragranular layers with age ( Figure 6D , R=0.459, p=0.018). The average number of glia was 46,800,000, comprising 25% of the total glia in area 17. This significant difference was observed, even in light of a high degree of individual variability. Total glial estimates in the infragranular zone ranged from 31,531,500 to 56,036,250, which is a 1.8 fold difference. A similar degree of variability was observed overall for area 17, the supragranular zone, and the granular zone, with fold variations of 1.9, 2.3, and 1.8, respectively, however there was no significant correlation with age.
Statistical Outlier
Of note, there was one subject that appeared to be an outlier in all measures. AM161 had the minimum values in all estimates of total numbers of neurons and glia, as well as all volume estimates, differing from the mean of all subjects by approximately 2.5 to 3 times the standard deviation. This subject was a 19.2 year-old female that was obtained from the Yerkes National Primate Research Center, as were the majority of the subjects. This subject also had the smallest brain weight of the entire cohort. Removing this subject had no effect on any of the statistical analyses and has therefore been included in all the foregoing analyses.
Relationship of Brain Weight to Measured Parameters
In order to determine if total brain size contributed to the variability or if it obscured the effects of aging, brain weight was used to normalize data on total numbers of neurons and glia. This normalization narrowed the range of variation on all measures. However, it did not reveal any additional significant linear relationships between age and any measures of total number neurons, glia or volume, nor was the significant increase in glia in the infragranular zone lost. Most importantly, the statistical outlier, AM161 fell within the data range of other subjects with this normalization. Figure 7 shows the total numbers of neurons (A) and total numbers of glia (B) in area 17 normalized to brain weight.
Correlations between brain weight and measures of volume and total numbers of neurons and glia were performed. There was a significant positive linear relationship between brain weight and volumes of area 17 (R=0.506, p=0.008), the supragranular zone (R=0.509, p=0.008), and the infragranular zone (R=0.394, p=0.046). Likewise, there was a significant positive linear relationship between brain weight and numbers of neurons and numbers of glia in area 17 overall (neurons: R=0.435, p=0.026; glia: R=0.471, p=0.015), as well as the supragranular (neurons: R=0.467, p=0.016; glia: R=0.509, p=0.008) and infragranular zones (neurons: R=0.399, p=0.043; glia: R=0.388, p=0.0502). Interestingly, brain weight did not correlate with either the volume (R= 0.315, p=0.117) or the total number of neurons (R=0.287, p=0.155) or glia (R=0.219, p=0.282) in the granular zone.
Relationship Between Neurons and Glia
Numbers of neurons versus numbers of glia were analyzed for area 17 and each of the laminar zones. The relationship between total numbers of neurons and total numbers of glia in area 17 is shown in Figure 8 . A highly significant linear relationship existed in all laminar zones and in area 17 overall, indicating that subjects with more neurons also have more glia (area 17: R=0.676, p=0.0001; supragranular: R=0.628, p=0.0006; granular: R=0.533, p=0.005; infragranular: R=0.675, p=0.0002; two-tailed). Likewise, when comparing volume estimates and total number estimates of neurons and glia, there was a strong significant linear relationship (area 17 -neurons: R=0.780, p<0.0001; glia: R=0.654, p=0.003, twotailed) as shown in Figure 9 . A larger area 17 correlated with a greater number of neurons and a greater number of glia. Similarly, a larger laminar zone was correlated with more neurons and more glia (supragranular -neurons: R=0.778, p<0.0001, glia: R=0.645, p=0.0004; granular-neurons: R=0.740, p<0.0001, glia: R=0.503, p=0.009; infragranularneurons: R=0.561, p=0.003, glia: R=0.548, p=0.004).
DISCUSSION Summary
The combination of NeuN immunohistochemistry and Nissl staining facilitated the definitive identification of neurons and glia and stereological estimation of total numbers of neurons and glia, as well as total volume of area 17. Results demonstrated that the overall volume of area 17 (mean = 1478 mm 3 ), as well as the volume of all its major laminar zones, is stable over the lifespan in both males and females. This study also found that the total number of neurons throughout area 17 (mean = 416,000,000), as well as each of its laminar zones, is preserved with age. In addition, the current study demonstrated that the total number of glia in area 17 (mean = 184,000,000) is stable with age and that number of glia is about 44.3% of the number of neurons. The one exception to stability across age is a significant age-related increase of 21.9% in the total number of glia in the infragranular zone. This study also showed that there is no significant difference between the sexes on measures of volume or neuron and glial numbers overall in area 17 or in any of the laminar zones. Furthermore, it was shown that glia comprise a little less than half the cells in area 17. Overall these results provide further evidence that in the normal aging rhesus monkey, there is no age-related loss of neurons. Similarly there is no major change in glial cells with the exception of an increase in the infragranular layers. Therefore, age-related changes in visual function are not due to neuron loss, but likely reflect sublethal changes in neuron functions.
Technical Considerations
Small neurons, as found in great abundance in the granular zone of area 17 (layer IVC), can be difficult to distinguish from glial cells in standard Nissl preparations of 30 micron or thicker frozen sections as many small neurons are round, with little cytoplasm surrounding the nucleus and hence very difficult to distinguish from glia. To avoid this problem, we utilized a combination of immunohistochemistry for NeuN to label neurons combined with a thionin counterstain to reveal any NeuN negative neurons as well as glia. As no NeuNnegative neurons were detected, this method enabled an unambiguous distinction between the two populations.
Supporting this approach is a study of the human anterior cingulate cortex by Gittins and Harrison (2004) . These authors compared the neuronal density obtained from sections of area 24b stained with NeuN to values of neuron density in adjacent sections stained with cresyl violet for Nissl substance. They reported a significant correlation between these numbers, but the absolute values were 10-20% higher for the NeuN-positive neurons compared with the Nissl-positive neurons. The authors suggested that this is likely due to misclassification of small neurons as glia in the Nissl preparation, leading to an underestimate of neuron numbers and an overestimate of glial numbers. However, they did not counterstain the NeuN tissue, nor count the glia to get estimates of that population.
Volume of Area 17 Across Gender and Lifespan
Though previous studies of visual cortex in aging monkeys have included both male and female subjects, they have not had a sufficient sample to analyze gender differences. In the rhesus monkeys analyzed here, the variation in total volume of area 17 was the same order of magnitude in both male and female subjects across all ages (7.4 to 31 years), where males showed a range of 1350 mm 3 to 1643 mm 3 for 1.2 fold difference, while females showed a range of 1034 mm 3 to 1743 mm 3 for 1.7 fold difference.
Numbers of Neurons Across the Lifespan
A loss of neurons has been hypothesized to account for both cognitive and sensory declines with age. Early investigations concluded that neurons are lost with age and contribute to the cognitive declines observed in the elderly. Using density measures, Brody (1955; 1970) reported a 50% loss of neurons with age in human frontal and temporal cortices and approximately a 25% loss in visual cortex. Pakkenberg and Gundersen (1997) estimated a 9.5% overall loss of neocortical neurons with age. In addition, West (1993) reported for human hippocampus a loss of about 52% in the subiculum and 31% in the hilus of the dentate gyrus with no loss in the other subfields. However, in an analysis of 120 human brains, Haug (1985) reported that there was no significant decrease in cortical neuron density with age when differential shrinkage was taken into account. Terry et al. (1987) also concluded that overall neurons are not lost in the cerebral cortex with age. Similarly, Gomez-Isla et al. (1997) reported that there is no loss of cortical neurons in humans who are free of Alzheimer's disease.
In non-human primates, Brizzee et al. (1975; 1980) reported an age-related decrease in density, supporting the notion that neuronal cell loss was part of normal aging. In contrast, Vincent et al. (1989, area 17) , Tigges et al. (1990, area 4) ; Peters et al. (1994, area 46; 1997, area 17) ; Merrill et al. (2000, entorhinal cortex) ; Keuker et al. (2003, hippocampus) , all concluded that neurons are not lost with age in the monkey brain. However, Smith et al. (2004) reported neuron loss of about 32% in area 8A of monkey prefrontal cortex while confirming in the same subjects that neurons were not lost in adjacent area 46. This report of neuron loss in 8A suggests that there could be focal losses of neurons with age that may have been missed when sampling large cortical regions. It also supports the classic hypothesis of Coleman and Flood (1987) that any loss of neurons is likely to be localized, raising the possibility that areas of neuron loss may have been overlooked.
The possibility of localized loss is especially important for area 17 since previous studies sampled it in limited ways. Peters et al. (1997) sampled only 250-micron strips of the opercular part of area 17, while Hof et al. (2000) sampled only the Meynert cells in layer IVB and at the border of layers V and VI. In contrast, the current study sampled the entirety of area 17 in 26 monkeys of both sexes whose ages spanned the entire adult lifespan, separated neurons from glia immunohistochemically for identification, and confirmed that cortical neurons are not lost in normal aging rhesus monkeys.
V1 Neuron Numbers
Given the stability of neuron numbers with age, it is of interest to consider the quantitative aspects of these results in comparison with other studies of visual cortex. In the current study, the mean number of neurons for area 17 was approximately 416,000,000 per hemisphere, a number that differs from previous reports in monkeys for a number of reasons. For example, O'Kusky and Colonnier (1982) assessed neuron numbers per unit volume in rhesus and cynomolgus monkeys (Macaca mulatta and Macaca fascicularis) and then used correction factors based on neuron shape (Weibel and Gomez, 1962) and shrinkage due to tissue processing. The authors then extrapolated to a total of 160,000,000 neurons per hemisphere from a density of 128,500 neurons per mm 3 in layers II -VI of area 17. Both of these measures are less than 45% of numbers obtained in the current study (416,000,000 total and 281,000 neurons per mm 3 in layers II -VI). Overall this discrepancy in estimates of neuronal number and density suggests that the non-stereological methods employed by O'Kusky and Colonnier (1982) introduced bias into their counts as documented by Mouton (2002) .
In another study, Suner and Rakic (1996) found that the neuron numbers in area 17 are stable between ages 1 month postnatal and 10 years. They counted neurons in cresyl violet stained sections from both hemispheres of five male rhesus macaques. The average number of neurons in area 17 per hemisphere was approximately 341,000,000. This slightly smaller estimate of neuron number, as compared to the current study, is likely due to the fact that they did not use immunohistochemistry for identification of neurons.
In a more recent study, Christensen et al. (2007) used the optical fractionator to estimate total numbers of neurons and glia across several brain regions, including the occipital lobe, in adolescent monkeys only 2.8 (+0.46) years of age. They reported approximately 334,000,000 neurons in the occipital lobe, which appears to have included all of area 17 plus some visual association cortex. This estimate of neuron number is about 80% of the approximately 416,000,000 neurons found in area 17 alone in the current study. This lower estimate might be attributed to misclassification of small neurons as glia in their Nissl preparations, and sampling of visual association cortex in addition area 17.
Numbers of Glia Across the Lifespan
There was no significant age-related change in the total numbers of glia when area 17 was examined as a whole. However, there was a modest and significant age-related increase in the total number of glia in the infragranular zone alone. This increase in glia is compatible with reports by Peters et al. (2008) that there is an age-related increase in the density of the oligodendroglial cells in all layers of area 17. Given that the oligodendrocyte population accounts for approximately 55% of all glia in layers V-VI and that Peters et al. (2008) reported a 50% increase in oligodendroglia with age, one would predict a 27.5% increase in the total number of glia in the infragranular zone assuming stability of other glia. In fact, in the current study, we observed a 21.2% increase in the total numbers of glia in the infragranular zone when comparing the oldest and youngest subjects. In layers I to IV, equivalent to the supragranular and granular zones in this study, oligodendrocytes account for 57-62% of all glia (Peters et al., 2008) , so an increase of 28.5-31% increase would have been predicted. A significant increase in glia was not observed in these laminar zones, likely due to high variability in these layers as fold changes of 2.3 and 1.8 were observed in the supragranular and granular zones, respectively.
Variability of Volume, Neurons, and Glia Across the Lifespan
A major difficulty in studying the brain with age is that it is not possible to get estimates of quantitative anatomical parameters such as total number of cells from the same subject over time, requiring a cross-sectional design using post-mortem samples from subjects of different ages. One problem with any cross-sectional design is that variation due to age can be obscured by interindividual variation. The primary visual cortex has been reported to manifest perhaps the largest variation across individuals of any cortical area. For the human brain, Stensaas et al. (1974) reported a three-fold variation in the total area of primary visual cortex while Leuba and Kraftsik (1994) reported a two-fold variation in volume. Andrews et al. (1997) found a two to three fold variation in both the surface area and volume of primary visual cortex. In monkeys, Van Essen et al. (1984) found a two-fold difference in the total surface area of rhesus monkey primary visual cortex. Similarly, Peters et al. (1997) examined six young (4-12 years) and 8 old (25-35 years) male and female rhesus monkeys and noted a 2.1 fold variation in volume of V1. In the current study, there was a 1.7 fold variation in the estimates of total volume of area 17. Although the volume estimates of V1 in rhesus monkeys vary less than those of V1 in humans, the overall implication is that relatively large sample sizes (n = 26 in the current study) are necessary to use cross-sectional methods to study aging.
Quantitative Relationship of Neurons to Glia
A further metric of interest is the relationship of neurons and glia within brain regions. As highlighted by Hilgetag and Barbas (2009) , there is some controversy over whether there are, as some have asserted, "ten times" more glia than neurons in the brain (Kandel et al., 2000) . While little data exists for the human brain, in monkey prefrontal cortex Dombrowski and colleagues (2001) found that the glia to neuron ratio was approximately 1:1. Similarly, Christensen et al. (2007) examined a number of cortical brain regions in young monkeys and found glia to neuron ratios ranging from 0.47:1 to approximately 1:1, with a ratio of 0.56:1 over the entire cerebral cortex and a ratio of 0.58:1 for the occipital cortex as a whole. O' Kusky and Colonnier (1982) found the ratio to be 0.49:1 in primary visual cortex. Therefore, our finding of a glia to neuron ratio for area 17 of 0.44:1 is comparable to the results of O' Kusky and Colonnier (1982) and Christiansen et al. (2007) and provides further evidence that the number of glia does not exceed the number of neurons.
Statistical Considerations
While it is not possible to "prove" the null statistical hypothesis that there is no loss of neurons across age, it is important to point out that with our sample size of 26 animals across the full adult life span we could have detected at p=0.05 two-tailed, an age-related loss reflected in a correlation as small as 0.388 which would account for as little as 15% of the variance. Nevertheless, we were unable to detect any effect of age on the number of neurons for area 17 as a whole or for any of the laminar zones.
Conclusions
The results of this study demonstrate that age-related impairments in visual function cannot be explained by even a modest age-related loss of neurons in area 17 either globally or in any of the three laminar zones examined. In fact, in contrast to age-related neurodegenerative diseases like Alzheimer's where massive neuron death occurs, this study further supports the view that cortical neurons are preserved in normal aging though likely evidence sublethal functional changes as proposed by Morrison and Hof (1997) . From this perspective there seem to be two major plausible explanations for the age-related impairment in visual function. On the one hand, the abundant evidence of age-related damage to myelinated fibers in the rhesus monkey brain (see Peters 2002 for review) might be manifested in alterations of input to primary visual cortex or in output from primary visual cortex or both. Alternatively, given the reports of Leventhal and colleagues (2003) suggesting that age-related decrements in visual function result from diminished inhibitory processing, it is possible that there might be changes in presynaptic or postsynaptic inhibitory processes or even a loss of GABAergic neurons, which constitute only 15 to 20% of the total neurons in primary visual cortex (Fitzpatrick et al., 1987; Hendry et al., 1987) . The latter would be lost in the total numbers assessed here as even a 25% loss of these neurons would only result in a 3.5 to 5.0% overall change.
In terms of the estimates of glial cell numbers, the absence of any overall increase in glia as reported here is compatible with the absence of any major loss of neurons since the latter would be expected to produce significant gliosis. On the other hand, the modest but significant increase in glia detected in the infragranular layers (V-VI) is compatible with the hypothesized damage to myelinated fibers and resultant proliferation of oligodendroglia as myelinated fibers are abundant in layers V and VI as they enter and leave the cortex. While a global loss of neurons is unlikely to occur and certainly does not appear to account for impairments in visual function, a number of more subtle changes remain to be explored. Scatter plot showing the estimated total number of glia versus the estimated total number of neurons in area 17. There is a highly significant linear relationship between these two measures (R=0.676, p=0.0001 two-tailed). The total number of neurons (A) and total number of glia (B) are strongly correlated with the volume of area 17. Table 1 Subject data, brain weight, and supplier Laboratory, Pittsburgh, Pennsylvania; n/a= not available Table 3 Stereological parameters for optical fractionator Estimated volume of area 17 and laminar zones 
